Monoamine oxidase B (MAO-B) was recently identified as a member of the family of imidazoline binding proteins. To localize the imidazoline binding domain on MAO-B, we labeled the domain with the imidazoline photoaffinity adduct [
domain is encompassed within a region that influences substrate processing but is distinct from primary sites of interaction for the enzyme inhibitors pargyline and lazabemide (Ro 19 -6327). Radioligand binding assays and photoaffinity labeling also indicated that the various classes of compounds did not cross-compete at the different enzyme domains. Identification of an imidazoline binding domain on MAO-B provides a new opportunity for the potential pharmacological development of imidazoline/guanidinium compounds and also presents additional avenues for structure/function analysis of the monoamine oxidase enzymes.
MAO-A and -B were recently identified as imidazoline binding proteins (1) (2) (3) . Members of the family of imidazoline binding proteins recognize a number of pharmacologically active compounds that contain imidazoline/guanidinium moieties, including the ␣ 1 -AR agonist/␣ 2 -AR antagonist cirazoline, the ␣ 2 -AR antagonist idazoxan, the ␣ 2 -AR agonist guanabenz, the ion-transport inhibitor amiloride and other structurally related ligands. Such molecules exhibit high affinity for membrane proteins (I1 and I2 imidazoline binding proteins) that are distinct from receptors for known hormones and these membrane proteins recognize endogenous bioactive substance(s) that mimic some of the pharmacological effects of these compounds (3, 4) . Although these observations suggested the existence of a previously uncharacterized cell signaling system, the limited information on the identity and functionality of this family of imidazoline binding sites has hampered the full understanding of this system. I1 imidazoline binding proteins are localized to the plasma membrane, whereas the majority of I2 imidazoline binding proteins are found in mitochondrial membranes. Two major types of I2 imidazoline binding proteins are identical to the mitochondrial enzymes MAO-A and -B. The high affinity interaction of selected imidazoline/guanidinium compounds with MAO-A and -B suggests that some pharmacological effects of these compounds may involve altered levels of monoamine neurotransmitters via regulation of enzyme activity.
MAO-A (527 amino acids) and -B (520 amino acids) exhibit 73% amino acid identity and are localized to the outer membrane of the mitochondria, where the enzymes are estimated to constitute 0.5-1% of mitochondrial protein. MAO-A and -B catalyze the oxidative deamination of amine neurotransmitters such as dopamine and norepinephrine as well as various xenobiotics. The size of the substrate binding site has evolved to allow the MAO-A and -B enzymes to distinguish substrates and additional differences in their primary structures allow selective interaction with inhibitors. The MAO enzymes apparently possess several discrete motifs for interac-tion with a variety of compounds. The imidazoline binding domain on MAO-B seems to be distinct from the enzyme active site that recognizes the mechanism-based inhibitors, such as pargyline and deprenyl, and it is not equally accessible in liver and platelets, which suggests either tissuespecific regulation of the enzyme or a previously unidentified heterogeneity in MAO-B (2, 5). As an initial approach to these issues, we identified the enzyme domain covalently labeled with the imidazoline photoaffinity adduct [N-(2-aminoethyl)-p-chlorobenzamide HCl] were provided by Research Biochemicals (Natick, MA) and cirazoline was a gift from Synthelabo (Paris, France). Protein A sepharose and CNBr were purchased from Sigma (St. Louis, MO). Kodak X-AR 5 film was purchased from Chesapeake X-Ray (Florence, SC). Acrylamide, bisacrylamide, SDS and prestained mid-range molecular mass protein standards were purchased from Bio-Rad (Hercules, CA). Ecoscint A scintillation fluid was purchased from National Diagnostics (Atlanta, GA).
Membrane preparation. Membranes were prepared from tissues as previously described (2) . Frozen human and rat liver samples were homogenized in lysis buffer and filtered through two layers of gauze mesh. The lysate was centrifuged at 1,000 ϫ g for 10 min at 4°. The pellet was discarded and the supernatant was centrifuged at 35,000 ϫ g for 10 min at 4°to generate a crude membrane preparation. The resulting pellet was washed two times in membrane buffer (50 mM Tris, pH 7.5, 0.6 mM EDTA, 5 mM MgCl 2 , 0.1 mM phenylmethylsulfonyl fluoride), rapidly frozen and stored at Ϫ70°for up to 2 months. Protein was measured by the method of Lowry.
Photoaffinity labeling. The cirazoline derivative, 2-(3-amino-4-iodophenoxy) methylimidazoline (AMIPI) was synthesized, radioiodinated and converted to the photolabile azide ([ embrane buffer containing 2 mM dithiothreitol immediately before photolyzing at 4°for 5 min in a Ray-O-Vac photolysis chamber (320 nm). Membrane preparations were pelleted in a microcentrifuge, solubilized in loading buffer (100 mM Tris⅐HCl, pH 6.8, containing 1% SDS, 50% glycerol, 25% ␤-mercaptoethanol and bromphenol blue) at 100°for 5 min and subjected to SDS-PAGE. Competing ligands were preincubated with the membrane preparations for 5-10 min at room temperature.
CNBr cleavage of photolabeled MAO-B. Photolabeled MAO-B was isolated by SDS-PAGE, the gel slice containing radioactivity was excised and the protein was digested to completion with CNBr (30 mg of CNBr in 70% formic acid for 48 hr at 24°). No further cleavage of the proteins was produced upon longer incubations with additional CNBr. An equal volume of water was added and the gel slice and solution was dried by rotary evaporation. For immunoprecipitation of CNBr fragments, the formic acid/CNBr mixture was removed from the gel slice after 48 hr and dried by rotary evaporation. The peptide fragments were resuspended in 50 mM Tris⅐HCl and the pH was adjusted (pH 7-9) with NaOH. The suspension was precleared with 10 l (packed volume) of Sepharose A beads, incubated with a polyclonal antibody (1:100 final dilution) raised against a peptide corresponding to residues 203-217 of human MAO-B (8) for 12-16 hr at 4°a nd the antibody-antigen complexes were precipitated by addition of Sepharose A beads. The resulting pellet was washed in 50 mM Tris, pH 7.4, and solubilized in loading buffer at 100°for 10 min. The peptide fragments were separated on a 16.5% acrylamide gel using a Tricine buffer system (9) and radiolabeled peptides were detected by autoradiography. No fragmentation of the photoaffinity-labeled enzyme was observed after incubation with vehicle.
Radioligand binding. Membrane preparations were incubated with radioligands in the presence or absence of inhibitors for 20-30 min at 24°with shaking. Binding of [ 
Results and Discussion
The central location of MAO in the metabolism of biogenic amine neurotransmitters has generated substantial interest in terms of therapeutic management of diseases. A non-sense mutation in MAO-A is associated with sex-linked aggressive behavior and reduced expression of the enzyme may be a genetic link to mild retardation (10) . Of particular note is the ability of MAO-B to potentially process "prodrugs" or toxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (11). 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine is oxidized by MAO-B to 1-methyl-4-phenylpyridinium ϩ , which induces a Parkinson's-like syndrome in humans and primates. MAO is actually a therapeutic target in the early management of Parkinson's disease, in which enzyme inhibition delays initiation of L-dopa administration. Related observations also suggest the involvement of the enzyme in various neurodegenerative diseases (e.g., amyotrophic lateral sclerosis, Alzheimer's disease) in which enzyme catalysis may liberate damaging oxygen free radicals. The imidazoline binding domain represents a potential regulatory domain on the enzyme. This site on the enzyme is not accessible in all tissues suggesting that imidazoline/guanidinium compounds selectively interact with a subpopulation of MAO (2) .
The imidazoline photoaffinity adduct [ 125 I]AZIPI was used to covalently radiolabel MAO-B (2) and a strategy to identify the imidazoline binding domain on the enzyme was developed based on peptide mapping of the [ (Fig.  1, left) and saturation photolabeling of human 1 and rat MAO-B indicated that [ 125 ]AZIPI is recognized by the imidazoline binding domains on the two enzymes with similar affinities (K d ϳ2-3 nM) (8, 12) . The primary structures of human and rat MAO-B are 88% identical (13, 14) ; however slight differences in the position of methionine residues in the proteins lead to discreet but readily identifiable differences in the CNBr fragmentation pattern. The predicted CNBr fragments from human and rat MAO-B are indicated in Table 1 . If the photoprobe were incorporated into one of the larger peptide fragments exhibiting species variation in size, the subtle differences in the size of the digested peptides might allow identification of the imidazoline binding domain after SDS-PAGE. CNBr cleavage of both the human and rat enzyme yielded one major peptide that was labeled by the photoaffinity adduct (Fig. 1, middle) . The M r of the radiolabeled fragments generated from rat and human MAO-B was ϳ13,000 and ϳ7,500, respectively. Radiolabeled fragments of approximately this size would result from photoincorporation of [
125 I]AZIPI into a residue(s) between K149-M222 of human and K149-M270 of rat MAO-B (Table 1 and Fig. 2) . A polyclonal antibody generated against a peptide corresponding to residues 203-217 of human MAO-B was thus used to identify the radiolabeled fragment. This antibody immunoprecipitated the radiolabeled CNBr fragment from human and rat liver MAO-B (Fig. 1, right) , confirming the site of localization determined by the relative migration of the labeled peptide in the two species. Approximately 50% of the labeled fragment from human MAO-B was immunoprecipitated, whereas the fragment from rat MAO-B was recognized with lower efficiency. The radiolabeled fragments were not immunoprecipitated after incubation with preimmune rabbit serum.
Thus the imidazoline photoaffinity adduct [ 125 I]AZIPI covalently incorporates into an amino acid(s) between K149 and M222 of the enzyme. This domain is distinct from regions of the enzyme active site identified previously by various enzyme inhibitors and substrates (Fig. 2) . Acetylenic irreversible MAO inhibitors such as pargyline, clorgyline and deprenyl incorporate into the covalently attached FAD cofactor, whereas the reversible mechanism-based inhibitor Ro 19 -6327 interacts with a region of MAO-B that encompasses the FAD incorporation site toward the carboxyl terminus of the enzyme (15) . Nevertheless, selected imidazolines and guanidiniums inhibit MAO-B (1, 16, 17) . However, the concentrations of imidazoline/guanidinium ligands that generally inhibit MAO are 10 -50-fold greater than the amount of ligand required to saturate the imidazoline binding domain in radioligand binding studies. The actual functional consequences of the interaction of such ligands with the subpopulation of MAO-B possessing an accessible imidazoline binding domain remain unknown. 2 The relationship between the imidazoline binding domain and enzyme domains interacting with various enzyme inhibitors and/or substrates was further investigated by determining the ability of various compounds to cross-compete at the different enzyme domains. (Fig. 3A, B) . Similarly, the imidazoline compounds BU224 and cirazoline did not inhibit binding of (Fig. 3B) at concentrations that completely block covalent labeling of (Fig. 3A) or radioligand binding to imidazoline binding proteins (1 M or less). The imidazoline binding site is thus structurally distinct from sites interacting with known enzyme inhibitors. The effect of MAO substrates on the binding of [ 3 H]idazoxan was also examined ( Table 2) . Dopamine and tyramine serve as substrates for both enzyme isoforms, whereas serotonin and PEA are selectively metabolized by MAO-A and -B, respectively. The K m exhibited by these substrates in MAO-B activity assays is ϳ3 M for PEA, 200 M for dopamine, 150 M for tyramine and Ͼ 2 mM for serotonin (19) . Binding of [ a The numbers correspond to the amino acids in the peptide fragments generated by CNBr cleavage (13, 14) . mine Ͼ dopamine Ͼ serotonin). Although the imidazoline compounds interact with a site on the enzyme distinct from MAO inhibitors, substrate binding and/or oxidation may influence the interaction of compounds with the imidazoline binding domain.
Functional studies using MAO-A and -B enzyme chimeras indicate that the region of the protein that encompasses the imidazoline binding domain plays an undefined role in determining substrate and inhibitor selectivity (20 -22) . The importance of this region of the enzyme relative to substrate processing is also indicated by the complete loss of activity observed after a mutation, which results in the substitution of Thr158 with Ala (15). As discussed above, the limited accessibility of the imidazoline binding domain on MAO-B in various tissues and the stoichiometric discordance between the density of I2 imidazoline binding proteins and MAO-B (2, 23) indicates the existence of a distinct "subpopulation" of enzyme molecules. Given the localization of the imidazoline binding domain in such a critical region of the enzyme, the tissue-specific accessibility of this enzyme domain is of particular interest. The identification of a distinct domain on MAO-B that exhibits high affinity for this class of pharmacologically active compounds may allow the development of novel therapeutic agents that target the enzyme in a cell-type selective manner. 
